The CERES (Crop Estimation through Resource and Environment Synthesis)-rice model incorporated in DSSAT version 4.5 was calibrated for genetic coefficients of rice cultivars by conducting field experiments during the kharif season at Jorhat, Kalyani, Ranchi and Bhagalpur, the results of which were used to estimate the gap in rice yield. The trend of potential yield was found to be positive and with a rate of change of 26, 36.9, 57.6 and 3.7 kg ha -1 year -1 at Jorhat, Kalyani, Ranchi and Bhagalpur districts respectively. Delayed sowing in these districts resulted in a decrease in rice yield to the tune of 35.3, 1.9, 48.6 and 17.1 kg ha -1 day -1 respectively. Finding reveals that DSSAT crop simulation model is an effective tool for decision support system. Estimation of yield gap based on the past crop data and subsequent adjustment of appropriate sowing window may help to obtain the potential yields.
YIELD gap estimation in any crop helps to have targetoriented approach in achieving regional food security. Crop simulation models have been used to determine potential yield of many crops for which the yield gap in a given environmental situation can be determined and possibilities for yield improvement can be assessed. The estimated yields serve as a reference for calculating the required various agronomic inputs and for assessing their environmental impacts. Patel et al. 1, 2 found that estimation of yield gap based on past data and subsequent adjustment of appropriate sowing window definitely provide possibilities for obtaining potential yields. Bell and Fischer 3 studied the potential yields of wheat in the Yaqui valley was maximum in the period 1968-90 using the CERES-wheat model. Aggarwal and Kalra 4 made a comparison of climatic potential versus actual wheat yields in New Delhi. Aggarwal et al. 5 calculated yield gap as the difference between the yield levels and the average measured yields of a region. The results showed that irrespective of the definition of potential yield, there was considerable yield gap across all states in all crops, indicating the scope for increasing rainfed yields in future.
On an average, the gap relative to simulated rainfed potential yield was 2560 kg ha -1 for rice, 1120 kg ha -1 for cotton and 860 kg ha -1 for mustard. Such a national average rainfed yield gap could not be estimated for wheat because of the large percentage of irrigated area in all the states. The mean yield gap based on the average of simulated, experimental and on-farm rainfed potential yields was 1670 kg ha -1 for rice, 770 kg ha -1 for cotton, 460 kg ha -1 for mustard and 70 kg ha -1 for wheat. It remains to be quantified if these biophysical estimates of yield gaps can be bridged economically.
Pathak et al. 6 studied trends of climatic potential and on-farm yield of rice and wheat in the Indo-Gangetic Plains. Due to the importance of yield gap analysis for yield improvement, an attempt has been made here to study the appraisal of rice yield gap under different agroclimatic conditions (Bihar, Jharkhand, West Bengal and Assam) of India using the CERES-rice model. The studies of Wickham 7 and Ahuja 8 show that the yield variation in rice crop production due to weather, management and biotic factors can be addressed through a modelling approach. Later several studies have attempted the same with different levels of success at developing an ideal weather-dependent model for rice crop [9] [10] [11] [12] . Attachai 13 used the CERES-rice model to develop a decision-support system for fast assessment of ricecropping alternative in lowland areas of Thailand. The system that evolved caters for decision making at the farm and policy levels; it comprises of the model validated for the area of interest and an analytical tool for answering several 'what if' questions. The study demonstrated that the CERES-rice model is able to simulate low yields obtained by farmers in northeastern Thailand and the relatively higher yields in northwestern Thailand. The study proved the validation of the model in finding alternative ways to improve farm performance with regard to rice production.
Rice as a staple food crop plays an important role in the Indian economy. In Punjab, it ranks second after wheat in terms of area, production and productivity. About 65% of gross cropped area in India corresponds to the summer monsoon season (about 70% of the total annual rainfall in India occurs during June to September). Rice is the most important cereal crop in India; it occupies nearly 35% of the total area under foodgrains and 15-20% of the cropped area of rice comes under kharif acreage, indicating its heavy dependence on monsoon rainfall. Fluctuation in the total seasonal rainfall and intra-seasonal distribution has a strong link to rice productivity. Moisture stress due to prolonged dry spell or thermal stress due to heat-wave conditions significantly affect the rice productivity when they occur in critical life stages of the crop. Similarly, wet spell promotes the spread of pests and diseases, thus leading to significant loss in crop yield unless preventive measures are adopted. Lack of our understanding of link between climate variability and crop productivity could seriously endanger sustained agricultural production in the coming decades. The average national productivity of rice is currently about 2 tonnes per hectare. In contrast, yields of about 6 tonnes per hectare have been achieved in Uttar Pradesh, Punjab and Haryana due to favourable environmental conditions and better management techniques in these states. In order to ensure a balanced growth and development in agriculture, a comprehensive understanding and assessment of the likely impact of intraseasonal and interannual variability in climate on our agricultural productivity is warranted 14 . The traditional rice-growing states of eastern India constitute Assam, Bihar, Jharkhand, Odisha, West Bengal, Chhattisgarh and eastern parts of Uttar Pradesh, which account for 61% of the total rice area and 51% of total rice production in the country. Rice is one of the main crops of Bihar, but its productivity is poor. More than 60% of the rice area in Bihar is located in the lowproductivity zone that contributes more than 50% of rice production in the state. Area covered under rice with high-yielding varieties is about 65% and irrigation facility is available for about 40% of the rice area in the state. If productivity of the low-productivity zone is increased, rice production can be increased considerably without increasing the area under the crop. More than 50% of the total area under rice in the state is concentrated in the very low-productivity category, with none falling under high and medium productivity categories. Average productivity of the state is 1021 kg ha -1 , which is very much below the national average 14 . West Bengal ranks first with about 78% of total area under rice cultivation coming under high and medium productivity groups, accounting for nearly 84% of the total rice production in the state. Area under high-yielding varieties is nearly 85%. Triennium average productivity of the state is 2259 kg ha -1 , as against 1947 kg ha -1 , the triennium average productivity of the country 14 . Productivity of rice in Assam is poor, with more than 50% of the rice cultivated in low-productivity areas. High-yielding varieties constitute less than 45% of the area under coverage. In addition, the irrigation facility too is poor with less than 22% of the area cultivated with rice being irrigated. Thus, rice productivity in Assam is far below the national average 14 . In this study, the ability of the CERES-rice crop simulation model has been established using weather data from four stations, viz. Jorhat (Assam), Kalyani (West Bengal), Ranchi (Jharkhand) and Bhagalpur (Bihar). Crop growth simulation models are useful tools for considering the complex interaction between a range of factors that affect crop performance, including weather, soil properties and crop management. The CERES-rice model simulates crop growth, development and yield. The present study focuses on the selection of suitable cultivars and appropriate time of transplanting as factors using the CERES-rice model for different agroclimatic zones.
In the present study, the CERES-rice model embedded in DSSATv4.5 was used to evaluate the potential yields of rice for 21 years (1990-2010) in Jorhat, Kalyani, Ranchi and Bhagalpur. The corresponding daily weather data (T max and T min , rainfall and bright sunshine) for each station were collected from India Meteorological Department (IMD), New Delhi. The district-wise rice yield data for the same period were obtained from Department of Agriculture and Cooperation (DAC), Government of India and New Delhi. The soil information needed for the model was obtained from the research stations.
Soil input files include physical and chemical description of the soil profile with separate information for each horizon, soil reflection coefficient, stage-1 soil evaporation coefficient, soil water drainage constant, USDA SCS run-off curve number, thickness of soil layer, lower limit of extractable soil water for soil layer, drained upper limit of extractable soil water for layer, saturated water content for soil layer, pH for each layer of the soil profile and root distribution weighing factor for the soil. The terms 'lower limit' and 'drained upper limit' correspond to the permanent wilting point and field capacity respectively 15 . Total extractable soil water is a function of soil physical characteristics as well as rooting depth of rice crop.
Genetic input data of crops, which explain how the rice cultivar responds to the environment during its life cycle, have been derived for cultivars Ranjeet, Shatabadi, Vandana and Rmansuri 16 . Genetic coefficients of ruling cultivars grown in Assam, West Bengal, Bihar and Jharkhand have been derived by taking the recent field experiments conducted at Agro-Met Field Units (AMFUs) of IMD under Forecasting Agricultural output using Space, Agrometeorology and Land base Observations scheme (FASAL) and Gramin Krishi Mausam Sewa (GKMS) project. CERESrice model was validated for different agroclimatic zones with satisfactory performance, which has been directly used in analysing crop growth performance and yield 16 . The total yield gap was calculated using difference between the actual and potential yield of rice crop; the management gap was calculated as the difference between attainable yield and actual yield, and the sowing gap was calculated as the difference between potential yield and attainable yield.
The CERES-rice model was used to simulate three different transplanting dates (Jorhat: 15 June and 1 and 25 July; Kalyani: 1, 15 and 30 July; Ranchi: 25 June and 10 July and 25 July; Bhagalpur: 1, 15 and 30 July) and different rice cultivars (Ranjeet, Shatabadi, Rmansuri and Vandana) for the period between 1990 and 2010. The model was calibrated for genetic coefficients of rice cultivars by conducting field experiments during the kharif season at the field sites, which were used to estimate the yield gap in rice yield. The association between simulated and observed grain yield was significant (R 2 = 85-94) for the cultivars. The CERES-rice model was validated for Jorhat, Kalyani, Ranchi and Bhagalpur locations. Historical actual yield rice in all four districts failed to exhibit significant trends during the study period .
In Jorhat district, the crop yield when rice was sown either early (15 June) or late (25 July) was less than the yield obtained when sown on 1 July (the optimum sowing date). The early yield varied from 1468 to 2739 kg ha -1 with an average yield of 2165 kg ha -1 . The standard deviation was 290.2 kg ha -1 and the coefficient of variation (CV) 13.4%. The average rainfall for early sowing date was 894.3 mm with a standard deviation of 183.7 mm and the coefficient of variation being 20.7%. The normal yield varied from 2468 to 3976 kg ha -1 with an average yield of 33,331.7 kg ha -1 (refs 17, 18) . The standard deviation and coefficient of variation were 363.9 kg/ha and 10.9% respectively, and the average rainfall was 882.1 mm ( for the period 1990-2010 ( Table 2 ). The standard deviation of yield was 204.5 kg ha -1 with CV of 12%. Pentad of actual yield varied from 1779 (1990-94) to 1614 kg ha . Moreover, the three-year moving average of actual yield showed decreasing trend and was well supported by values for the individual years. The moving average remained more or less the same as the average yield for the districts. The data on past crop performance during several decades in some regions of the world suggest that year-to-year variation of rice growth and development was mostly due to weather changes 6 . Sinha et al. 19 observed that the growth and productivity of rice and wheat showed either a decline or stagnation in several intensive farming districts of Punjab and Haryana. The potential yield was simulated using DSSAT model ranging from 3126 kg ha -1 in 2010 to 4111 kg ha -1 in 1994, with average yield of 3501.8 kg ha -1 ( Table 2 ). The potential yield simulated by the model was 2.1 times higher than the actual yield at Jorhat as the yield of a crop cultivar when grown in environments to which it is adapted, with nutrients and non-limiting water supply and effective control of pest and diseases. Potential yields of wheat in India were similarly three times higher than their current actual yield levels, whereas in northwest India, this difference was smaller. The potential yield as simulated by the model for the period between 1990 and 2010 was found to be non-significant in Jorhat (Figure 1) . The potential yield of rice and wheat crops has shown signs of stagnation/decline from the recent analysis of several long experiments carried out throughout Asia 20, 21 . Similar results were observed for wheat by Akula 22 , when simulation was carried out using WTGROWS and INFOCROP model at Anand.
For the estimation of attainable yields, various management practices play a significant role. Generally, farmers faced several constraints in various crop management practices. The optimum sowing was simulated using DSSAT model and analyses of the trend and mean yield. The attainable yield ranged from 2210 kg ha Table 2 ). The standard deviation of yield was 421 kg ha -1 with CV of 15%. Model-simulated attainable yield for delayed sowing of rice by 20 days Management gap can be defined as the yield gap between attainable yield and actual yield. The management gap simulated by the model ranged from 243 kg ha -1 in 2010 to 1762 kg ha -1 in 1992 with average yield 1075.6 kg ha -1 ( Figure 3 and Table 2 ). The standard deviation was 471.1 kg ha -1 , with a CV of 44%. The high CV value indicates the variability in weather. The management gap was found non-significant and showed a decreasing trend, clearly suggesting the poor and untimely management followed by the farmers (Figure 3) .
Sowing gap can be defined as the difference between potential and attainable yields due to a delay in sowing by 20 days. The sowing gap varied from 335 kg ha -1 in 1996 to 1069 kg ha -1 in 2001 (Figure 3 ). The average sowing gap yield was estimated to be 706.4 kg ha -1 with a CV and standard deviation of 22% and 228 kg ha -1 respectively ( Table 2 ). The high CV value indicates the variability in weather and temperature, which are the major influencing factors in rice production. The estimated sowing yield gap was recorded to be 35 kg ha -1 day -1 by the model (Figure 3) (Figure 4) . Moreover, the three-year moving average of actual yield showed an increasing trend and was well supported by the values for the individual years ( Figure 5 ). The moving average remained more or less the same as the average yield of the districts. The data on past crop performance for several decades in some regions of the world suggest that yearto-year variation of rice growth and development was mostly due to weather changes 6 . Sinha et al. 19 observed that the growth and productivity of rice and wheat showed either a decline or stagnation in several intensive farming districts of Punjab and Haryana.
The potential yield was estimated using CERES-rice model that ranged from 3401 kg ha -1 in 1992 to 5305 kg ha -1 in 2010, with an average yield of 2507 kg ha -1 ( Table 2 ). The potential yield estimated by the model was 1.6 times higher than the actual yield of Kalyani as the yield of the crop cultivar Shatabadi when grown in non-stress condition. The potential yield compared with the simulated yield obtained by the model for the period 1990-2010 was found to be significant at Kalyani, but with the increasing rate of change ( Figure 5 ).
The optimum sowing was estimated using CERES-rice model, and the trend and mean yield of the crop was analysed ( Figure 5 ). The attainable yield ranged from 3391 kg ha -1 in 1992 to 5037 kg ha -1 in 2010 with an average yield of 4022 kg ha -1 . The standard deviation of yield was 374.6 kg ha -1 with a CV of 9.2% ( Table 2) The average total yield gap was 1581 kg ha -1 , ranging from 952 kg ha -1 in 1999 to 3535 kg ha -1 in 2010 ( Figure  6 ). The standard deviation was 543.0 kg ha -1 with a CV of 34.3% (Table 2 ). The linear trend of total yield gap indicated a rate of change of 5.4 kg ha -1 day -1 , but it was found statistically non-significant ( Figure 6 ). However, it showed an increasing trend. Mall and Srivastava 23 have reported decline in total yield gap in wheat crop at Varanasi.
The management gap ranged from 720 kg ha -1 in 1999 to 3559 kg ha -1 in 2010 with an average yield 1415 kg ha -1 ( Figure 6 ). The standard deviation was 569 kg ha -1 with a CV of 40.2% ( Table 2 ). The higher CV value indicated the variability in weather and temperature, the major influencing factors in rice production. The management gap was found to be non-significant which showed a decreasing trend at a rate of 67.4 kg ha -1 year -1 , clearly suggesting good management practice followed by the farmers (Figure 6 ).
The sowing gap varied from 9 to 244 kg ha -1 in 2007 and 2010 respectively ( Figure 6 ). The average sowing gap yield was estimated to be 29 kg ha -1 with a CV and standard deviation of 54.8% and 186.7 kg ha -1 respectively ( Table 2 ). The estimated sowing yield gap was recorded as 2 kg ha -1 day -1 by the model (Figure 6 ). In Ranchi district, the early (25 June) and late sown (25 July) rice crop yield was less than the yield from optimum sowing date rice crop (10 July). The early rice crop yield varied from 1105 to 2434 kg ha -1 with an average yield of 1592 kg ha -1 . The standard deviation was 395.2 kg ha -1 with a coefficient of variation of 24.8%. The average rainfall of early sown rice crop was 805.0 mm with a standard deviation and coefficient of variation of 260.7 mm and 32.4% respectively ( Table 1) . The normal sown yield varied from 1534 to 2655 kg ha -1 with an average yield of 2215.9 kg ha -1 ( Table 1) . The standard deviation and coefficient of variation were 264.9 kg ha -1 and 12.0% respectively, and was with the average rainfall of 800.8 mm. The standard deviation was 271.5 mm and the coefficient of variation 33.9%. The last sown yield varied from 919 to 1761 kg ha -1 with an average yield of 1271.3 kg ha -1 (refs 17 and 18) . The coefficient of variation was 11.7% with a standard deviation of 148.1 kg/ha. The average rainfall was 691.6 mm with standard deviation and coefficient of variation of 176.1 mm and 25.5% respectively ( Table 1) .
The actual yields of Ranchi district as reported by the Directorate of Agriculture ranged from 628 kg ha . Moreover, the three-year moving average of actual yield showed an increasing trend and was well supported by values for the individual years ( Figure 8 ). The moving average almost remains more or less the same as the average yield for district yields. The data on past crop performance for several decades in some regions of the world suggest that year-to-year variation of rice growth and development was mostly due to abrupt variation of meteorological parameters.
The potential yield was estimated using CERES-rice model for crop yield ranging from 1427 kg ha -1 in 1992 to 3276 kg ha -1 in 2002 with an average yield of 2507 kg ha -1 ( Table 2 ). The potential yield estimated by the model was 1.9 times higher than the actual yield of Ranchi. Potential yields of wheat in India were similarly three times higher than their current actual yield levels, whereas in northwest India this difference was smaller. The potential yield as simulated by the model between 1990 and 2010 was found to be significant at Ranchi (Figure 7) .
The optimum sowing was estimated using DSSAT model, and the trend and mean yield were analysed. The attainable yield ranged from 1139 kg ha -1 in 1992 to 2947 kg ha -1 in 2008 with an average yield of 1773 kg ha -1
( Table 2 ). The linear trend was found to be 56 kg ha (Figure 9 ). The standard deviation was 512.7 kg ha -1 with a CV of 45% ( Table 2 ). The linear trend of the total yield gap indicated a rate of change of 74 kg ha -1 day -1 to be non-significant ( Figure  9 ), but showing a decreasing trend.
The management gap simulated by the model ranged from 10 kg ha -1 in 2005 to 937 kg ha -1 in 1996 with average yield 409.1 kg ha -1 ( Figure 9 ). The standard deviation was 271 kg ha -1 with a CV of 66.2% ( Table 2 ). The higher CV value indicates the variability in weather and temperature and the major influencing factors in rice production. The management gap was found non-significant and showed a decreasing trend at the rate of -9 kg ha -1 year -1 (Figure 9 ), clearly suggesting good management practices followed by the farmers.
The sowing gap varied from 91 kg ha -1 in 1996 to 230 kg ha -1 in 2004 ( Figure 9 ). The average sowing gap yield was estimated as 149 kg ha -1 with a CV and standard deviation of 27.2% and 41 kg ha -1 respectively ( Table 2 ). The estimated sowing yield gap was recorded as 49 kg ha -1 day -1 by the model (Figure 9 ). In Bhagalpur district, the yield of early (1 July) and late sown (30 July) rice crop was less than the yield obtained by the optimum sowing date (15 July for the period 1990-2010 (Table 2 and Figure 10 ). The standard deviation of yield was 294.5 kg ha -1 with a CV of 25.4% (Table 2) Figure  11 ). The moving average remained almost the same as the average yield for all the districts.
The potential yield was estimated using CERES-rice model and it ranged from 5078 kg ha -1 in 1999 to 6076 kg ha -1 in 2000 with an average yield of 5527 kg ha -1
( Figure 10 ). The potential yield estimated by the model was 4.6 times higher than the actual yield of Bhagalpur, as a result of the crop cultivar Rajender Mansuri being grown in environments to which it is adapted with nutrients, non-limiting water supply and effective control of pests and diseases. Potential yields of wheat in India too were similarly three times higher than their current actual yield levels, whereas in northwest India this difference was smaller. The potential yield was simulated by the model for the period 1990-2010 and was found to be non-significant at Bhagalpur, however, with a increasing rate of change of 4 kg ha -1 year -1 . The optimum sowing date, and the trend and mean yield were analysed using the DSSAT model. The attainable yield ranged from 4910 kg ha -1 in 1999 to 5519 kg ha -1 in 2001 with an average yield of 5270 kg ha -1 ( Figure 12 ). The standard deviation was 393.6 kg ha -1 with a CV of 9% ( Table 2 ). The linear trend of total yield gap indicated a rate of change of 218 kg ha -1 day -1 which was non-significant; however, the trend showed an increase ( Figure 12) .
The management gap simulated by the model ranged from 3315 (1990) to 4826 kg ha -1 (2004) with an average yield of 4064 kg ha -1 ( Figure 12 ). The standard deviation was 808.6 kg/ha with a CV of 20.6% ( Table 2 ). The management gap was found to be non-significant, but indicated an increasing trend at a rate of 13 kg ha -1 year -1
( Figure 12 ). The sowing gap varied from 10 kg ha -1 (2010) to 1474 kg ha -1 (2000) . The average sowing gap yield was estimated to be 318.9 kg ha -1 with CV and standard deviation of 93.8% and 299.1 kg ha -1 respectively ( Table  2 ). The high CV value indicates the variability in weather and temperature. The quantified estimated sowing yield gap was recorded to be 17 kg ha -1 day -1 by the model (Figure 12 ). Patel et al. 2 reported a wheat yield gap of 18 kg ha -1 day -1 . Aggarwal et al. 4 quantified wheat yield gap of 50 kg ha -1 day -1 when sowing is delayed. The CERES-rice model was used for the estimation of optimum date of sowing/transplanting of kharif rice crop when the farmer management practices at field and climate conditions are most favourable for maximum possible crop yield. Five transplanting dates were taken during the period 15 June to 25 July at Jorhat district, 1 to 30 July at Bhagalpur district, 1 to 30 July at Kalyani district and 25 June to 25 July at Ranchi district 17, 18 . It has been shown that 1 July (Jorhat district), 15 July (Bhagalpur district), 15 July (Kalyani district) and 10 July (Ranchi district) are optimum dates of sowing/transplanting as they give maximum average possible potential and attainable yield without any constraint of management practices ( Table 1 ). The result shows considerable decreasing trend in rice yield when there is delay of 20 days or more than the optimum sowing/transplanting date ( Table 1) . This is because weather and climatic conditions are not favourable for good production of rice.
Results of the phenology simulation of the model show that they are accurate enough at flowering stage to take broad scale planning of cultural operations in the field as well as tactical decision-making at farm level, notwithstanding the higher accuracy requirement for maturity date simulation for decision making regarding time of harvest. The early and late sown are compared to optimum sown rice. The higher accuracy of the grain yield predication shows the ability of the model to simulate crop growth in climatic conditions of the Gangetic plain zone under rainfed condition. In this context, it may be noted that the yield prediction of rice crop is crucial for the economic planning in the different states. From Table  2 it is clear that there is considerable gap between the productivity potential and actual yield. This suggests that there is a great scope for increasing the rice yields with suitable technological interventions like selection of suitable variety, quality seed, optimum sowing/planting time, optimum inputs by quantity and time of application, etc. The biomass production and its partitioning efficiency are important to assess the effect of drought or stress.
The CERES-rice model is able to simulate rice yields which are in fair agreement with the currently reported yields at the selected sites. The model is also able to simulate the year-to-year variation in rice yield, showing its wide range applicability in diverse environmental conditions for agricultural decision-making. Excessive rain conditions due to temporal variation in rainfall (associated with observed swings in the continuity of monsoon) during the cropping season are found to adversely affect crop development and growth at critical life stages and the yields at the selected sites (even under irrigated conditions). Early transplanting date seems to provide higher average yields at all locations, whereas late transplanting is found to adversely affect rice yield in Assam, West Bengal, Jharkhand and Bihar.
The reduction in yield due to delay in sowing was 706. 4 However, there are some limitations while using the crop models. The simulation outputs are only valid at a point or small farm. The model does not represent spatial features because of large variabilities in soil, rainfall and management conditions. Other assumptions include presence of soil nutrients in adequate supply preventing stress on crop. Similarly, loss of yield due to weed, pests and diseases is not included in the model. The rise in surface temperature, particularly during the humid monsoon season, may create more conductive conditions for pest infestation and hence lead to loss of crops. These aspects are not yet explicitly treated in most of the crop simulation models.
